Composite materials produced from indigenous nanoscale particles and synthetic polymers have created demand in the field of nanoscience and technology. Layered silicates are potential candidates for reinforcing the properties of composites. Here, we report the fabrication of nanocomposites using poly(methylmethacrylate) (PMMA) as the matrix and the Bijoypur clay of Bangladesh known as kaolinite (200-250 nm) as the filler via solution casting. Kaolinite was first modified using choline chloride to prepare core-shell particles through a precipitation technique and was used for self-assembled nanocomposite films preparation. A series of nanocomposites films using 0, 1, 3, 5 and 10% (w/w) modified kaolinite was prepared. The neat PMMA and nanocomposite films were characterized by attenuated total reflection infra-red (ATR-IR) spectroscopy and X-ray diffraction (XRD) techniques. The mechanical properties, thermal stability, and morphology of the films were investigated using a universal testing machine (UTM), a thermal gravimetric analyzer (TGA), and a scanning electron microscope (SEM). The nanocomposite films exhibited better mechanical properties and thermal stability than neat PMMA film. Development of such structural nanocomposite materials using naturally occurring nanoscale particles would play a crucial role in the field of materials science for packaging applications and separation technology.
Introduction
Nanoscale indigenous layered material and polymer composites are of great interest to the researchers due to the environmental considerations [1] [2] [3] [4] [5] . Nanostructured layered silicates incorporate higher mechanical, thermal stability, and barrier properties in the composite materials at relatively low filler contents compared to those of conventional composites [6] [7] [8] [9] [10] . The available naturally occurring nanostructures are montmorilonite, clay, silica and calcium carbonate. Kaolinite is composed of white, soft, and highly refractory clay particles [11] . Hydrated kaolinite (Al 2 O 3 ·2SiO 2 ·2H 2 O) maintains aluminosilicate with a 1:1 layered structure consisting of an octahedral aluminum hydroxide sheet and a tetrahedral silica sheet [12] .
Due to the inherent rigid characteristic of a layered structure, kaolinite is not susceptible to interactions with functional polymers. Chemically modified kaolinite incorporates interfacial properties which can promote the compatibility and dispersion of the particles into a polymer matrix. Treatment of particles with epoxy functional silane coupling agent has been extensively used to examine the properties of calcined kaolin (CK ao ), TiO 2 in polyethylene terephthalate (PET) composites [13] [14] [15] [16] . Polymer/clay nanocomposites is an interesting and very promising research area due to cost effectiveness, their high specific surface area, and their ease of availability from natural resources [17] [18] [19] .
Methods

Fabrication of Poly(methylmethacrylate)/Choline Chloride Modified Kaolinite PMMA/CCMK Nanocomposite Films
Five films with different weight ratios of choline chloride modified kaolinite (CCMK) and poly (methylmethacrylate) (PMMA) were prepared as shown in Table 1 . At first, 3 mL solution of PMMA in chloroform (CH 3 Cl) was taken in each five different small glass vials. Then after leaving one vial (without addition of CCMK), 10, 30, 50 and 100 mg of CCMK were charged into the vials containing PMMA solution and stirred for 5 min. The resulting suspensions were sonicated with the help of a microprocess controlled bench-top ultrasound cleaner (sonicator) for 5 min and the sonicated mixtures were allowed to stir for 5 min again to make a homogenous suspension. The clear suspensions were then cast onto five glass frames (length and width of the glass plates were 7.62 cm and 2.54 cm respectively) and then the suspensions were turned into films via atmospheric drying for 48 h as shown in Figures S1 and S2 in the supplementary materials. The dried films were then pulled out from the glass frame and cut into desired pieces for different purposes of use. Each of the sample films were subjected to analysis, and twice fabricated from the three batches of each composition. 
Characterizations
(1) Attenuated total reflectance infrared (ATR-IR) spectrophotometer ATR-IR spectra of samples were recorded on a FT-IR Shimadzu IR Prestige 21 (Shimadzu, Corporation, Kyoto, Japan) in the wave number range of 4000-400 cm −1 ; resolution: 4 cm −1 ; scan number 30.
(2) X-ray diffractometer (XRD) The samples were examined by an x-ray diffractometer (Ultima IV, Rigaku Corporation, Tokyo, Japan) at room temperature. At first, the samples were ground into fine powders using a mortar and pestle. Cu Kα radiation (λ = 0.154 nm), from a broad focused Cu tube operated at 40 KV and 40 mA, was applied to the samples for measurement. The XRD patterns of the samples were measured in the continuous scanning mode with a scan speed 5 • /min and in the scan range of 10 to 60 • . Bragg's law was used to compute the basal spacing of the crystalline samples. The thermogravimetric analyses of the samples were recorded on a thermogravimetric analyzer TGA-50H (Shimadzu, Kyoto, Japan). The samples were heated from room temperature to 700 • C under a nitrogen atmosphere at the flow rate of 19 mL/min and at the heating rate of 10 • C/min using an alumina cell. The weight of the samples was taken to be 10 mg for the experiment. Total hold time at 700 • C was 5 min.
(4) Universal testing machine (UTM)
The mechanical properties, tensile strength (TS), and elongation at break (Eb) of the nanocomposite films were examined with a universal strength tester machine (Titan, model 1410-Titan 5 , Shanghai, China). The film length and width used were 50 mm and 20 mm, respectively. Dry films with an average thickness of around 150 µm were obtained by measuring with a Phynix digital micrometer. All the test samples were conditioned at 20 • C and 50% relative humidity. All the tests were carried out under the same conditions. The following equations were used to measure the tensile properties.
Tensile strength, TS (MPa) = The morphology of the samples was analyzed by an analytical scanning electron microscope (JEOL JSM-649OLA, Tokyo, Japan) operated at an accelerating voltage of 20 KV. In order to get further insight into the morphology, microstructures of the samples were examined at the 5 µm scale with 500 magnifications without coating, and using an only partial vacuum.
Results and Discussion
ATR-IR Spectral Analysis
A comparison of the ATR-IR spectrum of nanocomposites produced using 1, 3, 5, and 10% (w/w) modified choline chloride kaolinite, self-assembled in PMMA and neat PMMA is shown in Figure 1 . (In the supplementary materials, Figure S3 represents the ATR-IR spectra of kaolinite, choline chloride modified kaolinite nanocomposites, and choline chloride.) The band around 3690 cm −1 assigned for kaolinite was absent in the nanocomposite film fabricated using 1% w/w CCMK (curve D in Figure 1 ), but the peak gradually appeared as the kaolinite content increased, as shown in the curves A-C in Figure 1 . The absorption band at 1730.15 cm −1 is the characteristic peak at PMMA polymer which denotes the >C=O group present in the PMMA polymer (curve E in Figure 1 ). The band at 943.19 cm −1 is the -C-H bending vibration together with the bands at 1028.06 cm −1 and 852.54 cm −1 in the acrylate group in PMMA [32] . The band at 1452.40 cm −1 can be attributed to the bending vibration of the C-H bonds of the -CH 3 group. The two bands at 2931.80 cm −1 and 2872.01 cm −1 were assigned to the C-H bond stretching vibrations of the -CH 3 and -CH 2 − groups, respectively. Furthermore, there was another weak absorption band at 3446.79 cm −1 which was attributed to the -OH group stretching of physiosorbed moisture [38] . The absorption bands at 1107.14 cm −1 , 1161.15 cm −1 , and 1247.87 cm −1 were attributed to the C-O-C stretching vibration. The two bands at 1381.03 cm −1 and 763.81 cm −1 were attributed to the methyl group vibrations. The characteristic absorption band at 1730.15 cm −1 represents stretching vibration of C=O of pure PMMA. In all composite films, the stretching vibration of carbonyl group (C=O) group appearing at the frequency of 1730.15 cm −1 for pure PMMA moves to lower positions at 1720 cm −1 . Furthermore, the absorption peak at 3446.79 cm −1 assigned for OH stretching in PMMA was also shifted to 3393 cm −1 . In addition, the absorption band at 1166 cm −1 for the C-O-C stretching vibration of PMMA was shifted to 1150-1161 cm −1 in nanocomposites films. That result proves that there was an interaction between CCMK and PMMA molecular chains [39] .
XRD Analysis
In the Figure 2A the broad peak at the position (2θ) with d-spacing was found for the crystalline segment of PMMA in neat film which was almost unchanged in the nanocomposite films of CK 10 PNC. Furthermore, the sharp peaks in the nanocomposite films indicate the presence of kaolinite, and these peaks were in the similar positions of pure kaolinite. The non-variable and non-shifting of peak position clearly indicates that the nanocomposites consisted of un-intercalated nor adhered kaolinite, due to the electrostatic interaction. The XRD pattern of pure kaolinite has been presented in the supplementary materials in Figure S4 . 
In the Figure 2A the broad peak at the position (2θ) with d-spacing was found for the crystalline segment of PMMA in neat film which was almost unchanged in the nanocomposite films of CK10PNC. Furthermore, the sharp peaks in the nanocomposite films indicate the presence of kaolinite, and these peaks were in the similar positions of pure kaolinite. The non-variable and non-shifting of peak position clearly indicates that the nanocomposites consisted of un-intercalated nor adhered kaolinite, due to the electrostatic interaction. The XRD pattern of pure kaolinite has been presented in the supplementary materials in Figure S4 .
Studies of Mechanical Properties of Nanocomposite Films
Films fabricated from neat PMMA and choline chloride modified kaolinite composites were subjected to various kinds of stress in order to study the mechanical properties for determining the performance of the structural materials [40, 41] . With the view of these objectives, strain-stress relationships of the fabricated films has been investigated, first with the Figure 2B , later with the tensile strength and elongation at break of films plotted as a function of the choline chloride modified kaolinite contents and CK5PNC, as shown in Figure 2C ,D for deep discussion. Figure 2B shows the engineering stress-strain relationship curve (tensile) for self-assembled nanocomposite films with different quantities of CCMK. The tensile property of a material is shown by its stress-strain curve. Strain at yield was found to increase linearly with applied stress. It reaches maximum and then falls down. The curves have two regions-one is elastic region and another is 
Films fabricated from neat PMMA and choline chloride modified kaolinite composites were subjected to various kinds of stress in order to study the mechanical properties for determining the performance of the structural materials [40, 41] . With the view of these objectives, strain-stress relationships of the fabricated films has been investigated, first with the Figure 2B , later with the tensile strength and elongation at break of films plotted as a function of the choline chloride modified kaolinite contents and CK 5 PNC, as shown in Figure 2C ,D for deep discussion. Figure 2B shows the engineering stress-strain relationship curve (tensile) for self-assembled nanocomposite films with different quantities of CCMK. The tensile property of a material is shown by its stress-strain curve. Strain at yield was found to increase linearly with applied stress. It reaches maximum and then falls down. The curves have two regions-one is elastic region and another is plastic region. From the Figure 2B , it was found that composites deform elastically and then plastic deformation starts. The vertical lines parallel to the y-axis from the strain at yield point separate elastic and plastic zones of corresponding engineering stress versus strain curve; the area in the left zone is called elastic zone, where the reversible deformation occurs, and the right zone is where the permanent deformation occurs up to the break or failure.
Stress-Strain Relationship
The film produced from neat PMMA (0%) shows the minimum elasticity and maximal plastic behavior; it indicates that the reversible deformation occurs within a very short range of 0.25% strain at yield. As the addition of modified kaolinite increased from 0 to 10% w/w, the strain at yield was first increased from 0.25 to 0.60% for CK 5 PNC films, and then decreased to 0.20% for CK 10 PNC (also shown in supplementary materials, Figure S5 ). It means that the matrix PMMA was sufficient to cover the CCMK particles and to form a kaolinite cored, PMMA-thick, shell-based homogeneously dispersed film produced from CK 5 PNC. But in case of CK 10 PNC film, the PMMA matrix was not sufficient to cover in that manner, as was the case for the CK 1 PNC to CK 5 PNC films formed. Therefore, the particles were agglomerated, and the soft insufficient polymeric phase became hard and brittle. As a result, CK 5 PNC film shows higher tensile strength (stress) than that of CK 10 PNC film.
Tensile Strength Measurement
The tensile strength of the fabricated films was measured and plotted against the modified kaolinite content, as shown in the Figure 2C . It is observed that the tensile strength of the nanocomposite was increased with the increase of choline chloride modified kaolinite content, up to 5% w/w, and then it was slowed down. The tensile strength of the neat PMMA film CMKNC was 22 N/mm 2 . However, for CMK 5 NC film, the tensile strength was 31 N/mm 2 and for CMK 10 NC film, the tensile strength was 33 N/mm 2 . It is clear that the rate of increment of tensile strength up to 5% was higher than the rate within the range of 5 to 10% modified kaolinite.
Elongation at Break
The influence of choline chloride modified kaolinite in nanocomposites films on the elongation at break is shown in Figure 2D . It is evident that elongation at break rapidly declined with the increase of CCMK down to 5% by weight but very slowly decreased after 5% CCMK content in nanocomposites films. The elongation of break of neat PMMA film (CK 0 PNC) was about 4.6%. However, at 5% CCMK containing film (CK 5 PNC), the elongation at break of the film was decreased drastically to 2.9%. Figure 3 shows the schematic illustration, starting from the left with neat PMMA film, denoted as CK 0 PNC, possess polymeric crystalline phase only. In the absence of CCMK (fillers), polymer film becomes very soft. With the addition of CCMK, the crystalline phase was increased in the nanocomposite film. Therefore, due to the choline chloride shell of CCMK, the PMMA matrix attached strongly with the interface and controlled the thickness of the layer (steyn or boundary layer) around the CCMK, as evident on the right of Figure 3 . Since sufficient PMMA matrix remained in the CK 1 PNC film, the elastic and plastic behavior did not change remarkably when compared to neat PMMA (CK 0 PNC) film. The film CK 5 PNC contained 5% CCMK; the whole PMMA matrix was used to cover the interface equally, and self-assembled stable CCMK incorporated better mechanical properties. nanocomposites films. The elongation of break of neat PMMA film (CK0PNC) was about 4.6%. However, at 5% CCMK containing film (CK5PNC), the elongation at break of the film was decreased drastically to 2.9%. Figure 3 shows the schematic illustration, starting from the left with neat PMMA film, denoted as CK0PNC, possess polymeric crystalline phase only. In the absence of CCMK (fillers), polymer film becomes very soft. With the addition of CCMK, the crystalline phase was increased in the nanocomposite film. Therefore, due to the choline chloride shell of CCMK, the PMMA matrix attached strongly with the interface and controlled the thickness of the layer (steyn or boundary layer) around the CCMK, as evident on the right of Figure 3 . Since sufficient PMMA matrix remained in the CK1PNC film, the elastic and plastic behavior did not change remarkably when compared to neat PMMA (CK0PNC) film. The film CK5PNC contained 5% CCMK; the whole PMMA matrix was used to cover the interface equally, and self-assembled stable CCMK incorporated better mechanical properties.
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Thermo Gravimetric Analysis (TGA)
The TGA thermogram of neat PMMA showed the weight loss profile at various temperatures, as shown in Figure 4 . The first weight loss step was seen in the temperature range of 22-100 °C, corresponding to the weight loss of moisture (around 6%). Under nitrogen flow, a non-oxidative thermal degradation occurs in pure PMMA, which was observed in the temperature range of 280-430 °C, indicating the de-propagation to the end of PMMA chain, first order termination of the PMMA chain, vaporization, and elimination of volatile products [42] . The degradation of PMMA is accelerated above 280 °C owing to the formation of crosslinked and cyclic structures. However, the PMMA degradation appears to proceed by side-group depolymerization and random-chain scission depolymerization along with the diffusion of gas-phase nitrogen [43] . It degrades to tertiary alkyl free radical or secondary alkyl free radical, and the methyl methacrylate monomer or tertiary free radical. A char formation occurs after 400 °C, and was decomposed at about 450 °C leaving residue of about 1.6% w/w at the final temperature 700 °C. 
The TGA thermogram of neat PMMA showed the weight loss profile at various temperatures, as shown in Figure 4 . The first weight loss step was seen in the temperature range of 22-100 • C, corresponding to the weight loss of moisture (around 6%). Under nitrogen flow, a non-oxidative thermal degradation occurs in pure PMMA, which was observed in the temperature range of 280-430 • C, indicating the de-propagation to the end of PMMA chain, first order termination of the PMMA chain, vaporization, and elimination of volatile products [42] . The degradation of PMMA is accelerated above 280 • C owing to the formation of crosslinked and cyclic structures. However, the PMMA degradation appears to proceed by side-group depolymerization and random-chain scission depolymerization along with the diffusion of gas-phase nitrogen [43] . It degrades to tertiary alkyl free radical or secondary alkyl free radical, and the methyl methacrylate monomer or tertiary free radical. A char formation occurs after 400 • C, and was decomposed at about 450 • C leaving residue of about 1.6% w/w at the final temperature 700 • C. The thermal degradation of nanocomposites films fabricated using 1, 3, 5, and 10% (w/w) CCMK, denoted as CK1PNC, CK3PNC, CK5PNC and CK10PNC films, showed almost similar patterns of weight loss, with higher thermal stabilities, as shown in Table 2 . There was a progressive increase of the thermal stability of nanocomposites with the increase of CCMK amount in the nanocomposite films. The neat PMMA film was least thermally stable and CK10PNC was the most thermally stable. As the CCMK content increased, the nanocomposites film exhibited a significant delay in weight loss at temperatures greater than 300 °C. The temperature at 50% weight loss increased from 370 °C to 385 °C, with an increase in CCMK content from 0 to 10%. Interestingly, after decomposition, the nanocomposites films yielded charred residue proportional to their CCMK content. The yield of polymeric charred residue along with bone dried kaolinite at 700 °C increased from 1.6% to 3.2%, 4.3%, 5.5% and 7.8% w/w with an increase in CCMK content from 0 % to 1%, 3%, 5% and 10% w/w respectively. The thermal degradation of nanocomposites films fabricated using 1, 3, 5, and 10% (w/w) CCMK, denoted as CK 1 PNC, CK 3 PNC, CK 5 PNC and CK 10 PNC films, showed almost similar patterns of weight loss, with higher thermal stabilities, as shown in Table 2 . There was a progressive increase of the thermal stability of nanocomposites with the increase of CCMK amount in the nanocomposite films. The neat PMMA film was least thermally stable and CK 10 PNC was the most thermally stable. As the CCMK content increased, the nanocomposites film exhibited a significant delay in weight loss at temperatures greater than 300 • C. The temperature at 50% weight loss increased from 370 • C to 385 • C, with an increase in CCMK content from 0 to 10%. Interestingly, after decomposition, the nanocomposites films yielded charred residue proportional to their CCMK content. The yield of polymeric charred residue along with bone dried kaolinite at 700 • C increased from 1.6% to 3.2%, 4.3%, 5.5% and 7.8% w/w with an increase in CCMK content from 0% to 1%, 3%, 5% and 10% w/w respectively. 
Scanning Electron Microscope (SEM) Morphological Studies of Nanocomposites Films
SEM micrographs have been used to investigate the morphologies of kaolinite, virgin PMMA film and the films fabricated from self-assembled modified kaolinite into PMMA matrix. Images of the morphology of pure kaolinite and choline chloride modified kaolinite are available in the supplementary materials in Figure S6 .
Fabrication of PMMA/CCMK nanocomposites brought significant variation in the morphologies. The nanocomposites revealed uniform and smooth appearances with small irregularities and smaller or larger bumps with varying degrees of roughness. Figure 5A -E shows SEM images of the pure PMMA films and the nanocomposite films produced from 1, 3, 5, and 10% w/w modified kaolinite and PMMA matrix. It is obvious that the pure PMMA film surface is very smooth. The composite film CK 1 PNC showed that few particles are scattered within the film but CK 3 PNC film appeared to be along with some bulk structure; that could be due to the entropic effect and the change of dielectric constant of the medium. The variation of the dispersion medium (PMMA) and dispersed phase (CCMK) creates a new environment within the composite in terms of energy distribution within the particles which dominate the self-assembly phenomena. Furthermore, increased modified kaolinite in CK 5 PNC films leads to their homogeneous dispersion within the matrix, because an adequate interaction occurs between solid CCMK and PMMA phases, due to the uniform mixing of the system. An agglomeration of modified kaolinite particles in CK 10 PNC film which was suffering from lack of matrix came out of the film surface with sharp edges. J. Compos. Sci. 2019, 3, x FOR PEER REVIEW 9 of 12 scattered within the film but CK3PNC film appeared to be along with some bulk structure; that could be due to the entropic effect and the change of dielectric constant of the medium. The variation of the dispersion medium (PMMA) and dispersed phase (CCMK) creates a new environment within the composite in terms of energy distribution within the particles which dominate the self-assembly phenomena. Furthermore, increased modified kaolinite in CK5PNC films leads to their homogeneous dispersion within the matrix, because an adequate interaction occurs between solid CCMK and PMMA phases, due to the uniform mixing of the system. An agglomeration of modified kaolinite particles in CK10PNC film which was suffering from lack of matrix came out of the film surface with sharp edges. 
Conclusions
In the present study, self-assembled choline chloride modified kaolinite (CCMK) and polymethyl methacrylate (PMMA) nanocomposite films were fabricated by a simple casting method. Nanocomposites showed higher thermal stability, tensile strength and reduced elongation percentages at breaking points compared to those of neat PMMA film. Among the films, CK5PNC showed the best mechanical properties. The film of CK5PNC showed an optimum tensile strength of 
In the present study, self-assembled choline chloride modified kaolinite (CCMK) and polymethyl methacrylate (PMMA) nanocomposite films were fabricated by a simple casting method. Nanocomposites showed higher thermal stability, tensile strength and reduced elongation percentages at breaking points compared to those of neat PMMA film. Among the films, CK 5 PNC showed the best mechanical properties. The film of CK 5 PNC showed an optimum tensile strength of 31 N/mm 2 and about 0.60% strain at yield, which indicates, the film exhibited maximum elasticity with remarkable load bearing capacity. Although CK 10 PNC film showed the highest tensile strength (33 N/mm 2 ), the film also exhibited the lowest strain (0.20%). The percentage of elongation at break of nanocomposite films decreased with the increase of CCMK. Furthermore, thermal stability of CK 5 PNC film was found almost similar to that of CK 10 PNC film. Scanning electron microscopy images of CK 5 PNC film showed a homogeneously distributed kaolinite smooth surface. The nanocomposite films created from modified indigenously layered material and lipophilic synthetic polymer could play important role in the field of packaging industry, and would be economical if applied in nanoscience and nanotechnology.
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